Abstract -The in-plane thermal conductivity of iron-based superconductor RbFe2As2 single crystal (Tc ≈ 2.1 K) was measured down to 100 mK. In zero field, the observation of a significant residual linear term κ0/T = 0.65 mW K −2 cm −1 provides clear evidence for nodal superdonducting gap. The field dependence of κ0/T is similar to that of its sister compound CsFe2As2 with comparable residual resistivity ρ0, and lies between the dirty and clean KFe2As2. These results suggest that the (K,Rb,Cs)Fe2As2 serial superconductors have a common nodal gap structure.
Introduction. -The iron-based superconductors [1, 2] have attracted great attention since Hosono and coworkers reported the discovery of 26 K superconductivity in fluorine doped LaFeAsO in 2008 [1] . Unfortunately, there is still no consensus on the superconducting mechanism in them, mainly due to their complicated electronic structures [3] [4] [5] .
There are many families of the iron-based superconductors, such as LaO 1−x F x FeAs ("1111"), Ba 1−x K x Fe 2 As 2 ("122"), NaFe 1−x Co x As ("111"), and FeSe x Te 1−x ("11") [6] . Among them, the "122" family is the most studied one due to the easy growth of sizable high-quality single crystals [7] . Intriguingly, the members of this family do not share a universal superconducting gap structure. While the optimally doped Ba 0.6 K 0.4 Fe 2 As 2 and BaFe 1.85 Co 0.15 As 2 have nodeless superconducting gaps [4, [8] [9] [10] , the extremely hole-doped KFe 2 As 2 has nodal superconducting gap [11, 12] . Furthermore, the isovalently doped BaFe 2 (As 1−x P x ) 2 [13] [14] [15] and Ba(Fe 1−x Ru x ) 2 As 2 [16] also manifest nodal superconductivity. So far, the origin of these nodal superconducting gaps is still under debate, particularly in KFe 2 As 2 [11, 12, [17] [18] [19] . The detailed thermal conductivity study provided compelling evidences for a d-wave gap in KFe 2 As 2 [17] , but the low-temperature angle-resolved photoemission spectroscopy (ARPES) measurements clearly showed nodal s-wave gap [19] . Recent ARPES and thermal conductivity experiments on highly hole-doped Ba 1−x K x Fe 2 As 2 also support nodal s-wave gap [20, 21] KFe 2 As 2 has two sister compounds, CsFe 2 As 2 and RbFe 2 As 2 , and both of them are superconducting [22, 23] . While muon-spin spectroscopy measurements on RbFe 2 As 2 polycrystals suggested that RbFe 2 As 2 is best described by a two-gap s-wave model [24, 25] , recent specific heat and thermal conductivity measurements on CsFe 2 As 2 single crystals provided clear evidences for nodal superconducting gap in CsFe 2 As 2 [26, 27] . To clarify whether the superconducting gap structure of RbFe 2 As 2 is indeed different from those of KFe 2 As 2 and CsFe 2 As 2 , more experiments on RbFe 2 As 2 single crystals are highly desired.
In this paper, we present the low-temperature thermal conductivity of RbFe 2 As 2 single crystal down to 100 mK. A significant residual linear term κ 0 /T = 0.65 mW K −2 cm −1 is observed in zero magnetic field, and its field dependence of κ 0 /T mimics that of CsFe 2 As 2 . These results clarify that RbFe 2 As 2 is also a nodal superconductor. The three compounds KFe 2 As 2 , RbFe 2 As 2 , and CsFe 2 As 2 should have a common superconducting gap structure.
p-1
Experimental details. -RbFe 2 As 2 single crystals were grown by self-flux method for the first time, and the process is the same as the growth of CsFe 2 As 2 single crystals [26] . The dc magnetization was measured using a superconducting quantum interference device (MPMS, Quantum design). The specific heat measurement above 1.9 K was performed in a physical property measurement system (PPMS,Quantum design) via the relaxation method, and below 1.9 K it was measured in a small dilution refrigerator integrated into a PPMS. The RbFe 2 As 2 single crystal was cleaved to a rectangular shape of dimensions 2.2 × 1.0 mm 2 in the ab plane, with 40 µm thickness along the c axis. Contacts were made directly on the sample surfaces with silver paint, which were used for both resistivity and thermal conductivity measurements. In-plane thermal conductivity was measured in a dilution refrigerator, using a standard four-wire steady-state method with two RuO 2 chip thermometers, calibrated in situ against a reference RuO 2 thermometer. Magnetic fields were applied along the c axis and perpendicular to the heat current. To ensure a homogeneous field distribution in the sample, all fields were applied at a temperature above T c for transport measurements.
Results and Discussion. - Figure 1 (a) shows the low-temperature dc magnetization of RbFe 2 As 2 single crystal, measured in H = 20 Oe along c axis, with zerofiled cooling process. The T c = 2.10 K is defined at the onset of the diamagnetic transition. The magnetization does not saturate down to 1.8 K, at which the superconducting volume fraction is already as large as 40%.
In Fig. 1(b) , we present the low-temperature specific heat of RbFe 2 As 2 single crystal down to 100 mK in zero field, plotted as C/T vs T . A significant jump due to superconducting transition was observed at T c ≈ 2.1 K, which indicates the high quality of our sample. In order to determine the zero-field normal-state Sommerfeld coefficient γ N , the specific heat above T c is fitted to C normal = γ N T + βT 3 + ηT 5 , with γ N and β, η as the electronic and lattice coefficients, respectively. The solid line in Fig. 1(b) is the best fit to C/T from 2.4 to 10 K, which gives γ N = 127 mJ mol
, and η = 0.0029 mJ mol
where R is the molar gas constant and Z = 5 is the total number of atoms in one unit cell, the Debye temperature θ D = 245 K is estimated. This value is comparable to those of KFe 2 As 2 and CsFe 2 As 2 [26, 28] .
The in-plane resistivity of RbFe 2 A 2 single crystal in zero filed is plotted in Fig. 1(c) . The T c = 2.13 K, defined by ρ = 0, agrees well with the magnetization and specific heat measurements. For the polycrystalline sample of RbFe 2 A 2 , T c = 2.6 K was defined at the onset of diamagnetic transition [23] , which is 0.5 K higher than our single crystal. Similarly, T c = 2.2 K was defined at the onset of diamagnetic transition for the CsFe 2 As 2 polycrystal [22] , but T c = 1.8 K was found in the CsFe 2 As 2 single crystal [26] . It is unclear why the T c shows difference between polycrystalline sample and single crystal for RbFe 2 A 2 and CsFe 2 A 2 . In case that the single crystals have intrinsic T c , the T c of (K, Rb, Cs)Fe 2 A 2 series (3.8, 2.1, and 1.8 K, respectively) decreases with the increase of the ionic radius of alkali metal. In the inset of Fig. 1(c) , the normal-state ρ(T ) below 9 K can be well fitted by ρ = ρ 0 + AT 1.5 , with ρ 0 = 1.84 µΩ cm and A = 0.16 µΩ cm K 2 . Similar non-fermi-liquid behavior of ρ(T ) was also observed in KFe 2 As 2 and CsFe 2 As 2 [11, 17, 27] , which may come from antiferromagnetic spin fluctuations [29] . The residual resistivity ratio RRR = ρ(292K)/ρ 0 ≈ 310 again reflects the high quality of our RbFe 2 As 2 single crystal. Figure 2(a) shows the low-temperature resistivity of RbFe 2 As 2 single crystal in magnetic field up to 1.1 T. In order to estimate the zero-temperature upper critical field H c2 (0), the temperature dependence of H c2 (T ) is plotted in Fig. 2(b) , defined by ρ = 0 in Fig. 2(a) . H c2 (0) ≈ 0.99 T is obtained by fitting the data with the GinzbergLandau equation
The low-temperature heat transport measurement is a bulk technique to probe the gap structure of superconductors [32] . In Fig. 3 the in-plane thermal conductivity of RbFe 2 As 2 single crystal in zero and applied field is plotted as κ/T vs T . All the curves are roughly linear, as previously observed in dirty KFe 2 As 2 [11] , Ba(Fe 1−x Ru x ) 2 As 2 [16] , and CsFe 2 As 2 single crystals [27] . Therefore we fit all the curves to κ/T = a + bT α−1 , where a ≡ κ 0 /T , with α fixed to 2. The two terms aT and bT α represent contributions from electrons and phonons, respectively. Here we only focus on the electronic term.
For RbFe 2 As 2 single crystal in zero field, the fitting gives κ 0 /T = 0.65 ± 0.03 mW K −2 cm −1 . Such a significant κ 0 /T is usually contributed by nodal quasiparticals, therefore it is a strong evidence for nodal superconducting gap [32] . Previously, κ 0 /T = 2.27 and 3.6 mW K −2 cm −1
were observed for dirty and clean KFe 2 As 2 single crystals, respectively [11, 17] . For CsFe 2 As 2 single crystal with ρ 0 = 1.80 µΩ cm, κ 0 /T = 1.27 mW K −2 cm −1 was found [27] . The zero-field value of κ 0 /T for RbFe 2 As 2 is about 5% of its normal-state Widemann-Franz law expectation κ N 0 /T = L 0 /ρ 0 = 13.5 mW K −2 cm −1 , with L 0 the Lorenz number 2.45 × 10 −8 WK −2 and ρ 0 = 1.84 µΩ cm. In H p-3 [33] , an overdoped d-wave cuprate superconductor Tl-2201 [34] , the dirty KFe2As2 [11] , the clean KFe2As2 [17] , and CsFe2As2 [27] .
= 0.9 T, the experimental data is roughly satisfied the Widemann-Franz law, so we take 0.9 T as the bulk H c2 (0). This value is slightly lower than that obtained from resistivity measurements, but it does not affect our discussion of the field dependence of κ 0 /T below. The field dependence of κ 0 /T may provide more information on the superconducting gap structure [32] . In Fig.  4 , we plot the normalized κ 0 (H)/T of RbFe 2 As 2 together with the typical s-wave superconductor Nb [33] , the dwave superconductor Tl 2 Ba 2 CuO 6+δ (Tl-2201) [34] , the dirty KFe 2 As 2 [11] , the clean KFe 2 As 2 [17] , and CsFe 2 As 2 [27] . For an s-wave superconductor with isotropic gap, such as Nb, κ 0 /T grows exponentially with the field [33] . For the d-wave superconductor Tl-2201, κ 0 /T increases roughly proportional to H 1/2 at low field [34] , due to the Volovik effect [35] . From Fig. 4 , the normalized κ 0 (H)/T curve of RbFe 2 As 2 is very close to that of CsFe 2 As 2 , and lies between the dirty and clean KFe 2 As 2 .
The ρ 0 of dirty and clean KFe 2 As 2 differ by 15 times [11, 17] , while RbFe 2 As 2 and CsFe 2 As 2 have comparable ρ 0 , with values between those of dirty and clean KFe 2 As 2 . Therefore, in (K,Rb,Cs)Fe 2 As 2 serial superconductors, the filed dependence of κ 0 /T seems to correlate with the impurity level. Although Reid et al. argued that the κ 0 (H)/T of clean KFe 2 As 2 is a compelling evidence for d-wave gap [17] , recently thermal conductivity measurements on highly hole-doped Ba 1−x K x Fe 2 As 2 single crystals support nodal s-wave gap [21] . For such a complex nodal s-wave gap structure, likely with both nodal gaps and nodeless gaps of different magnitudes, it is hard to get a theoretical curve of κ 0 (H)/T . One needs to carefully consider the effect of impurities on the behavior of κ 0 (H)/T . Nevertheless, the evolution of normalized κ 0 (H)/T suggests common nodal gap structure in (K,Rb,Cs)Fe 2 As 2 serial superconductors.
Summary. -In summary, we have measured the thermal conductivity of RbFe 2 As 2 single crystal down to 100 mK. A nodal superconducting gap in RbFe 2 As 2 is strongly suggested by the observation of a significant κ 0 /T = 0.65 mW K −2 cm −1 in zero field. It is concluded that the (K,Rb,Cs)Fe 2 As 2 serial superconductors may have a common nodal gap structure, and the field dependence of κ 0 /T seems to evolve with the impurity level. * * * 
